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bstract

A time dependence of three-dimensional simulation including water phase change and heat transfer of a PEMFC model has been studied.
he overshoot behavior has been observed during a change in the electrical load during operation with fixed flow rates of hydrogen and air. The
imulation of 25-cm2 active area with a serpentine flow path shows the interactions of the anode and cathode flow streams, the flow through the

as diffusion media, and the movement of water through the MEA by electroosmotic and back diffusion forces. The simulation used a commercial
omputational fluid dynamics (CFD) solver, STAR-CD with and add-on PEMFC module, es-pemfc. The operating conditions corresponded to
01 kPa, 70 ◦C cell temperature, anode and cathode dew points and stoichiometries of 78 ◦C and 72 ◦C and 1.2 and 2.0 at an initial operating voltage
f 0.7 V and current density of 0.57 A cm−2.

2007 Elsevier B.V. All rights reserved.

S-PEM

t
t
t
d
p
i
c
d
e
i
l

s
f
t
K
2
w

eywords: PEM fuel cell; CFD modeling; Transient behavior; Load change; E

. Introduction

Proton exchange membrane fuel cells (PEMFCs) produce
ower for electric drive motors with less pollution. A full-scale
hree-dimensional solution to the time dependent Navier–Stokes
quations for the flow channel and diffusion layers has been
eveloped by including water phase change model [1,2] to
mprove the investigation of transient behavior of the fuel cell
nd its performance, which can be changed to meet the require-
ents of the amplitude and frequency of the load changes.
Many researchers have studied the problem of water manage-

ent and distributions inside the PEM fuel cell especially under
teady state operation as discussed in Wang [3] and Baschuk and
i [4]. Moreover, several groups [5–17] are improving their com-
utational models to be more realistic, faster in computing, or to
e able to be used for design improvement of PEMFC. Meng and
ang [8] improved their three-dimensional (3D) computational

uid dynamics (CFD) model to be more accurate to investigate

wo-phase behavior under different gas utilizations although the
nergy transport was ignored. Kulikovsky et al. [10] presented
simplified analytical model to obtain physical parameters and
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hen input those parameters into a quasi-3D model to speed up
he PEMFC calculation. Oosthuizen et al. [13] used a 3D model
o study the gas crossover between side-by-side channels under
ifferent flow rates, channel path length flow fields, and GDL
orosities. Their results might be useful for flow field design
mprovements of the PEMFC. The multidimensional model cal-
ulations provide details inside the fuel cell on a local level and
escribe distributions of current, heat, and water. Thus, mod-
ling will help in gaining an understanding of the mechanisms
nside the fuel cell, aid in experimental data analysis, and identify
imiting parameters.

The above mentioned modeling studies simulated a steady
tate operation of the fuel cell but a dynamic simulation is needed
or PEMFC while operating conditions are changing, e.g. when
he power required is changing under automotive application.
im et al. [18–20] presented transient experimental results of
5-cm2 active area PEMFC while the cell potential was varied
ith different rate. They also studied the effect of flow field
esign and fuel dilution on dynamic response of PEMFC. Their
esults indicate current overshoot behavior while the system
equires more power rapidly and undershoot behavior while it

equires less power. The peak of overshoot and undershoot cur-
ent density depend on flow filed design, range of power change,
as component, and manifold configuration. Many experimen-
alists continue working on PEMFC research under dynamic

mailto:shimpale@engr.sc.edu
dx.doi.org/10.1016/j.jpowsour.2007.02.004
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Nomenclature

ak activity of water in stream k
Acv specific surface area of the control volume (c.v.)

(m−1)
Areacv surface area of control volume (m2)
C condensation rate (s−1)
Cwk concentration of water vapor at kth interface of

the membrane (mol m−3)
Cwlk concentration of water liquid at kth interface of

the membrane (mol m−3)
Dh hydraulic diameter of flow channel (m)
DH2,l diffusion coefficient of H2 in liquid water film

(6.3E−9 m2 s−1)
Dn,j binary diffusion coefficient of species n in mixture

j (m2 s−1)
DO2,l diffusion coefficient of O2 in liquid water film

(2.4E−9 m2 s−1)
Dw diffusion coefficient of water (m2 s−1)
F Faraday constant (96,487 C mole-of-electrons−1)
hfg enthalpy of vaporization for water (kJ kg−1)
hformation enthalpy of water formation (kJ kmol−1)
HH2,l Henry’s law constant for hydrogen in liquid water

film (8.9E−9 Pa)
HO2,l Henry’s law constant for oxygen in liquid water

film (2.12E−10 Pa)
I local current density (A m−2)
I0 exchange current density (A m−2)
massn mass of species n (kg)
mn,k mass fraction of the species n in stream k
mwl mass fraction of liquid water
Mm,dry equivalent weight of a dry membrane (kg mol−1)
Mn molecular weight of species n (kg mol−1)
nd electro-osmotic drag coefficient (number of water

molecules carried per proton)
P pressure (Pa)
Pn partial pressure of species n (Pa)
P sat

w,k vapor pressure of water in stream k (Pa)

Q volume flow rate (m3 s−1)
R universal gas constant (8.314 J mol−1 K−1)
S source term
t time (s)
tf,a liquid water film on the anode (m)
tf,c liquid water film on the cathode (m)
tm membrane thickness (m)
T temperature (K)
u, v, w velocities in x, y, and z directions, respectively

(m s−1)
Voc cell open-circuit voltage (V)
Vcell cell voltage (V)
x channel length measured from anode inlet (m)
Xn mole fraction of species n
Xw,k mole fraction of water in stream k

Greek symbols
α net water flux per proton flux
αa anode transfer coefficient
αc cathode transfer coefficient
βξ permeability in the ξ direction
ε porosity of gas diffusion layer
η over potential for oxygen reaction (V)
λ water content in the membrane
μ dynamic viscosity (kg s−1 m−2)
ρ density of the mixture (kg m−3)
ρm,dry density of a dry membrane (kg m−3)
σm membrane conductivity (
−1 m−1)

Subscripts and superscripts
a anode
c cathode
e electrochemical reaction
H2 hydrogen
K anode or cathode
l liquid
N2 nitrogen
O2 oxygen
p phase change
sat saturated
v vapor
w water

r
F
s
h
e
s
i
r
w
o
i
o
O
P
s
T
n
p
i
o
u
p
u
l
n
w

ξ dummy variable for direction x, y, or z

esponse including stack design, contaminants, flow-field, etc.
or example, Hamelin et al. [21] revealed three different tran-
ient responses on Ballard fuel cell stack model MK5-E, which
as maximum output of 10 kW. Amphlett et al. [22] gave the
xperimental results of a hybrid PEMFC/battery system. They
howed how their hybrid system and components interacted dur-
ng charging or discharging. Mohtadi et al. [23] showed dynamic
esponse of current density when PEMFC was exposed by H2S
hile analyzing the effect of temperature on the adsorption rate
f H2S on Pt anodes. Emonts et al. [24] studied the dynam-
cs of a PEMFC, a compact methanol reformer, and the choice
f a short-term storage system for an automotive application.
nly few research groups have included transient simulation of
EMFCs in their studies. For instance, Wang and Wang [25] pre-
ented dynamics study on PEMFC using commercial CFD code.
heir geometry was single straight channel flow-field that is not
ormally used in fuel cell application. Therefore, the effect of
ressure driven flow underneath the gas diffusion layers has been
gnored. Shimpalee et al. [26,27] showed numerical solutions
f transient response of 10-cm2 serpentine flow-field PEMFC
nder both excess and starve fuel/air. They concluded that the
eak of overshoot depends on the rate of voltage change and
tilization of reactants. The overshoot behavior is a result of

ocal non-uniformity in distributions. However, their model did
ot take into account of temperature effect and phase change of
ater. Therefore, their results might be over predicted.
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s
equations [28] with transient analysis. This software was used
with an add-on tool called Expert System for PEMFCs (es-pemfc
version 2.20) that provided the source terms for the species trans-
port equations, the phase change equations for water, and the heat
ig. 1. The picture shows schematic of fuel cell assemble and actual flow-field
n a triple pass serpentine fashion. Anode side and cathode side flow channels a

In this study, the three-dimensional model of PEMFC with
5-cm2 reacting area as shown in Fig. 1 was developed with
he inclusion of time dependent analysis. The transient model of
himpalee et al. [26,27] was used with the extension of energy
nd water phase change equations. Different rates of voltage
hange were chosen to study their effects on the PEM fuel cell
erformance at each time interval. Moreover, the detail of local
urrent density, water distribution, and reactant concentration
re investigated and compared with previous works [26,27].

. Numerical procedure

Fig. 2 shows model geometry that created from Fig. 1. It
as triple pass channel with 11 serpentine fashions. The geom-
try of fuel cell arrangement modeled in this work consists of
wo flow channels separated by diffusion layers and the mem-
rane electrode assembly (MEA). Between diffusion layers and
EA, there are sub-gaskets. Therefore the active area of MEA

s reduced from 25-cm2 to 20-cm2 as shown in Fig. 2b. There are
riple pass channel with eleven serpentine passes in the flow path,
o that the flow is approximately 55 cm long in the axial direc-
ion with 0.1 cm (height) × 0.08 cm (width) cross-section flow
rea in each channel. Each diffusion layer has dimensions of
.025 cm (height) × 5.00 cm (width) × 5.00 cm (length). A total
f 734,940 cells (elements) were used to model the fuel cell.

The equations used in this work are shown in Tables 1 and 2.
hese time dependent equations have been extended from Shim-
alee et al. [26,27] to include the energy equation, and a water
hase change model, where homogeneous two phase flow was
ssumed. In the water phase change model, when the local activ-
ty of water exceeded 1.0, water vapor was condensed to form
iquid water until the local activity equaled 1.0. Conversely, if
iquid water was present and the local activity of water dropped
elow 1.0, then liquid water was evaporated until the local activ-
ty equaled 1.0. When liquid water condensed in the region
djacent to the electrode surface, it is assumed to form a liq-
id film on the electrode surface. In the regions where there
as a liquid film on the electrode, hydrogen and oxygen were
equired to dissolve in the liquid film and diffuse through the
lm to the electrode surface in order to react. Henry’s law was
sed to calculate the solubility of the gases in the liquid. The
hickness of this liquid film depends on the rate of condensa-

F
o
t
fl

with gas channel of 25-cm2 PEMFC. There are 30 straight channels connected
metric and placed property aligned (non-staggered) on top of each other.

ion/evaporation and the production of water by electrochemical
eaction as discussed in the appendix of Lee et al. [5] and Shim-
alee and Van Zee [2]. Note that since the solubility of O2 in
he liquid film is low, the solution procedure includes transient
alculation (see XO2 (x, y, z, t) in Eq. (30)) in the water film on
he catalyst surface. This transient concentration and water film
hickness corresponds to a lost in available surface reaction area
hen the film is thick or three phase boundary.
A control volume technique based on a commercial flow

olver, STAR-CD 3.26, was used to solve the coupled governing
ig. 2. (a) The geometrical model of the complete 25-cm2 fuel cell shown with-
ut graphite current collector. There are 33 straight channels connected in a
riple pass serpentine fashion shown in Fig. 1. (b) Schematics of sub-gasket and
ow channel (20-cm2 active area due to sub-gasket).
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Table 1
(a) Governing equations and (b) source terms for governing equation in (a)

Governing equations Mathematical expressions

(a)

Conservation of mass
∂ρ

∂t
+ ∂(ρu)

∂x
+ ∂(ρv)

∂y
+ ∂(ρw)

∂z
= Sm (2)

Momentum transport

∂ρu

∂t
+ u

∂(ρu)

∂x
+ v

∂(ρu)

∂y
+ w

∂(ρu)

∂z
= − ∂P

∂x
+ ∂

∂x

(
μ

∂u

∂x

)
+ ∂

∂y

(
μ

∂u

∂y

)
+ ∂

∂z

(
μ

∂u

∂z

)
+ Spx

∂ρv

∂t
+ u

∂(ρv)

∂x
+ v

∂(ρv)

∂y
+ w

∂(ρv)

∂z
= − ∂P

∂y
+ ∂

∂x

(
μ

∂v

∂x

)
+ ∂

∂y

(
μ

∂v

∂y

)
+ ∂

∂z

(
μ

∂v

∂z

)
+ Spy

∂ρw

∂t
+ u

∂(ρw)

∂x
+ v

∂(ρw)

∂y
+ w

∂(ρw)

∂z
= − ∂P

∂z
+ ∂

∂x

(
μ

∂w

∂x

)
+ ∂

∂y

(
μ

∂w

∂y

)
+ ∂

∂z

(
μ

∂w

∂z

)
+ Spz

(3)

Hydrogen transport (anode side)
∂ρmH2

∂t
+ u

∂(ρmH2 )

∂x
+ v

∂(ρmH2 )

∂y
+ w

∂(ρmH2 )

∂z
= ∂(Jx,H2 )

∂x
+ ∂(Jy,H2 )

∂y
+ ∂(Jz,H2 )

∂z
+ SH2 (4)

Water vapor transport
∂ρmwv

∂t
+ u

∂(ρmwv)

∂x
+ v

∂(ρmwv)

∂y
+ w

∂(ρmwv)

∂z
= ∂(Jx,wv)

∂x
+ ∂(Jy,wv)

∂y
+ ∂(Jz,wv)

∂z
+ Swvp + Sawve + Scwve (5)

Water liquid transport
∂ρmwl

∂t
+ u

∂(ρmwl)

∂x
+ v

∂(ρmwl)

∂y
+ w

∂(ρmwl)

∂z
= ∂(Jx,wl)

∂x
+ ∂(Jy,wl)

∂y
+ ∂(Jz,wl)

∂z
+ Swlp (6)

Oxygen transport (cathode side)
∂ρmO2

∂t
+ u

∂(ρmO2 )

∂x
+ v

∂(ρmO2 )

∂y
+ w

∂(ρmO2 )

∂z
= ∂(Jx,O2 )

∂x
+ ∂(Jy,O2 )

∂y
+ ∂(Jz,O2 )

∂z
+ SO2 (7)

Energy equation
∂ρh

∂t
+ ∂(ρuh)

∂x
+ ∂(ρvh)

∂y
+ ∂(ρwh)

∂z
= ∂

∂x

(
k
∂T

∂x

)
+ ∂

∂y

(
k
∂T

∂y

)
+ ∂

∂z

(
k
∂T

∂z

)
+ Shp + She (8)

Non-zero volumetric source terms

(b)

Conservation of mass
Sm = SH2 + Swvp + Swlp + Swve at anode GDL/MEA interface
Sm = SO2 + Swvp + Swlp + Swve at cathode GDL/MEA interface

(9)

Momentum transport Spx = −μu

βx

, Spy = −μv

βy

, Spz = −μw

βz

at GDLs (10)

Hydrogen transport (anode side) SH2 = − I(x, y, t)

2F
MH2 Acv at anode GDL/MEA interface (11)

Water vapor transport Swvp = MH2O
∑

n of v
massn of v(x, y, z, t)/Mn of v

1 − (P sat
wv(T, t)/P(x, y, z, t))

[
P sat

wv(T, t) − Pwv(x, y, z, t)

P(x, y, z, t)

]
∗ r at entire fluid domain (12)

Sawve = −α(x, y, t)

F
I(x, y, t)MH2OAcv at anode GDL/MEA interface (13)

Scwve = 1 + 2α(x, y, t)

2F
I(x, y, t)MH2OAcv at cathode GDL/MEA interface (14)

Water liquid transport Swlp = −Swvp at entire fluid domain (15)

Oxygen transport (cathode side) SO2 = − I(x, y, t)

4F
MO2 Acv at cathode GDL/MEA interface (16)

Energy equation Heat source by energy losses:

She = hformation ∗
[

1

2F
I(x, y, t) ∗ Acv

]
− (I(x, y, t)VcellAcv) at cathode GDL/MEA interface (17)
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Heat source by phase change:
Shp = Swlp ∗ hfg at entire fluid domain

eneration equations [2,29]. Also, es-pemfc accounted for the
ux of protons and water across the membrane [2,29]. The mate-
ial properties and operating conditions of this work are shown
n Table 3. The transient load profile consists of changing the
ell voltage from 0.7 V at steady state to 0.5 V with the rate of
.0 V s−1 as shown in Table 4.

The transient solution procedure used in the STAR-CD flow
olver is based on a PISO algorithm [28] where a predictor-
orrector strategy is used. For each time step, a predictor,
ollowed by a number of correctors, iteratively solves the lin-
ar equation sets for each main dependent variable. The mixture
roperties at each control volume are calculated based on the
ocal species concentrations. The anode side gas mixture con-
ains hydrogen and water. And, the cathode side gas mixture

ontains oxygen, water, and nitrogen. Therefore, the density
nd viscosity of the two flow channels are different and they
ary from at each location and the newly calculated values of
he variables prevail throughout the time step �t.

b

m
A

(18)

. Results and discussion

Fig. 3 shows how the averaged current density changes
hen the cell voltages are changed from 0.7 V to 0.5 V using

ransient load profile from Table 2. This figure indicates over-
hoot behavior. The averaged current density increases from
.57 A cm−2 to 1.23 A cm−2 when the cell voltage is 0.52 V at
ime = 0.23 s and then the current density slowly decreases and
eaches 1.15 A cm−2 at time = 0.35 s. The height of the over-
hoot can be changed by the rate of cell voltage change and by
he flow rates as already discussed by our previous work [26] for
he case of excess stoichiometry but here we fix the rate of volt-
ge change and flow rate and study the dependent variables in
rder to understand their interactions during current overshoot

ehavior.

Fig. 4 shows the local current density distributions on the
embrane surface at four different time steps and cell voltages.
t the steady state current density of 0.57 A cm−2 correspond-
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Table 2
Constitutive equation for modeling electrochemical effects

Diffusion mass flux of species n
in ξ direction

Jξ,n = −ρDξ,n

∂mK,n

∂ξ
(19)

Net water transfer coefficient per
proton

α(x, y, t) = nd(x, y, t) − F

I(x, y, t)
Dw(x, y, t)

(Cwc(x, y, t) − Cwa(x, y, t))

tm
(20)

Water content in the membrane λ = 0.043 + 17.81aa − 39.85a2
a + 36.0a3

a ; 0 < aa ≤ 1 = 14 + 1.4(aa − 1); 1 < aa ≤ 3 (21)
Electro-osmotic drag coefficient nd(x, y, t) = 0.0029λ2 + 0.05λ − 3.4 × 10−19 (22)

Water diffusion coefficient Dw(x, y, t) = Dλ exp
(

2416
(

1

303
− 1

T (x, y, t)

))
; Dλ = 10−10, λ < 2; Dλ = 10−10(1 + 2(λ − 2)), 2 ≤ λ ≤ 3; Dλ =

10−10(3 − 1.67(λ − 3)), 3 < λ < 4.5; Dλ = 1.25 × 10−10, λ ≥ 4.5 (23)

Water vapor concentration for
anode and cathode surfaces of
the MEA

CwK(x, y, t) = ρm,dry

Mm,dry
(0.043 + 17.8aK − 39.8a2

K + 36.0a3
K); aK ≤ 1 = ρm,dry

Mm,dry
(14 + 1.4(aK − 1)); for aK >

1, where K = a or c (24)

Water activity aK = Xw,K(x, y, z, t)P(x, y, z, t)

P sat
w,K(T, t)

(25)

Local current density I(x, y, t) = σm(x, y, t)

tm
{Voc − Vcell − η(x, y, t)} (26)

Local membrane conductivity σm(x, y, t) =
(

0.00514
Mm,dry

ρm,dry
Cwa(x, y, t) − 0.00326

)
exp

(
1268

(
1

303
− 1

T (x, y, t)

))
× 102 (27)

Local over potential η(x, y, t) = RT (x, y, cathode GDL/MEA, t)

αcF
ln

[
I(x, y, t)P(x, y, cathode GDL/MEA, t)

I0O2
PO2 (x, y, cathode GDL/MEA, t)

]
+

RT (x, y, cathode GDL/MEA, t)

αaF
ln

[
I(x, y, t)P(x, y, anode GDL/MEA, t)

I0H2
PH2 (x, y, anode GDL/MEA, t)

]
(28)

Water film thickness tf,k = mwl(
∑

massn)

ερwlAreacv
(29)

Gas solubility PO2 (x, y, z, t) = XO2 (x, y, z, t)P(x, y, z, t) at cathode GDL/MEA interface (30)

− I(x, y, t)

4F
MO2 = ρmO2 DO2,l

[
XO2 (x, y, z − tf,c)P(x, y, z − tf,c, t)H

−1
O2,l − XO2 (x, y, z, t)

tf,c

]
where z =

cathode GDL/MEA interface (31)
PH2 (x, y, z, t) = XH2 (x, y, z, t)P(x, y, z, t) at anode GDL/MEA interface (32)

− I(x, y, t)

2F
MH2 = ρmH2 DH2,l

[
XH2 (x, y, z + tf,a, t)P(x, y, z + tf,a, t)H

−1
H2,l − XH2 (x, y, z, t)

tf,a

]
where z =

anode GDL/MEA interface (33)

Table 3
Material properties and operating condition at 0.7 V corresponding to stoichiom-
etry of 1.2/2.0 at 0.57 A cm−2

Anode channel inlet
conditions

Velocity (m s−1) 2.23
Mole fraction of H2 0.53
Mole fraction of H2O 0.47
Dew-point temperature (◦C) 78

Cathode
chan-
nel
inlet
con-
di-
tions

Velocity (m s−1) 6.8
Mole fraction of O2 0.14
Mole fraction of N2 0.50
Mole fraction of H2O 0.36
Dew-point temperature (◦C) 72

Operating
con-
di-
tions

Cell temperature (◦C) 70
Operating pressure (kPa) 101

Current collector Thermal conductivity (W m−1 K−1) 5.7

GDLs Thickness after compressed (�m) 250
Permeability (m2) 3.3E−15
Porosity after compressed (%) 70
Diffusion adjustment (%) 50
Thermal conductivity (W m−1 K−1) 0.21

Membrane Gore PRIMEA®5561

i
d
c
a
m

ng to the cell voltage of 0.7 V and t = 0.10 s, the local current

ensity is higher at the inlet region and decreasing along the flow
hannel towards the outlet due to the consumption of reactants
nd the reduction of anode water activity. The maximum and
inimum local densities are ∼0.60 A cm−2 and ∼0.50 A cm−2,

Fig. 3. Average current density for change from 0.7 V to 0.5 V.
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rate. The much more non-uniform distribution of oxygen mole
fraction is revealed at cell voltage of 0.52 V at time = 0.23 s,
especially in the first half of the cell where the reaction rate
Fig. 4. Local transient current density (A cm−2) con

espectively, which represents small variation over the entire
ctive cell area. When the cell voltage is dropped to 0.52 V
t time = 0.23 s, the local current density significantly increases
ver the membrane surface however, the contour pattern is simi-
ar to when cell voltage is 0.7 V. The highest local current density
s ∼2.18 A cm−2 and the lowest value is ∼0.95 A cm−2. When
he time increases to 0.30 s and the cell voltage is 0.5 V, there is

ore non-uniformity of local current density distribution. The
ocal current reduces considerably on the MEA region from
he center of membrane surface toward the outlet due to strong
ecreasing of oxygen concentration. The highest local current
ensity is located around the inlet with a value of 2.0 A cm−2

nd the lowest local current density is at the outlet with a value of
.58 A cm−2. When PEMFC performance reaches steady state
t cell voltage of 0.5 V and time is greater than 0.35 V, the
ecreasing of local current density from the center region of
he membrane surface towards the outlet region is more signifi-
ant. The current density in this case varies from 2.0 A cm−2 to
.46 A cm−2, which represents considerable variations along the
embrane surface. For the case under consideration, at steady

tate cell voltage of 0.5 V, the local current density does not sig-
ificantly vary over the first half of the membrane surface, but
t sharply decreases over the second half of membrane surface.
his is because the high reaction rate regions (i.e., first half of the
embrane surface) accompany excessive hydrogen and oxygen

onsumptions and therefore they depleted in these regions (i.e.,
econd half of the membrane surface).
To further describe the overshoot phenomena, the profile plots
cross MEA width and serpentine flow path at x = 2.5 cm as
hown in Fig. 5 are examined. Fig. 6 shows the transient profiles
f local oxygen mole fraction across the MEA width and channel F
n MEA surface at different times and cell voltages.

s shown in Fig. 5. At cell voltage of 0.7 V and steady state, the
xygen mole fraction decreases along the electrode width from
nlet toward the outlet due to its consumption from electrochem-
cal reaction, which is consistent with the local current density
istribution from Fig. 4. When cell voltage is reducing to 0.58 V
t time = 0.2 s, its distribution shows more non-uniform due to
he higher reduction of oxygen concentration by higher reaction
ig. 5. Top view projection of serpentine flow-field showing location of analysis.
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Table 4
Cell voltage changes from 0.7 V to 0.5 V in 0.2 s

Time (s) 0.10 0.125 0.15 0.17 0.18
Cell voltage (V) 0.70 0.695 0.685 0.67 0.65
Predicted current density (A cm−2) 0.56 0.58 0.62 0.69 0.76
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ig. 6. Variation of oxygen mole fraction along channel width at different times
nd cell voltages.

s higher and it has much lower concentration in the second
alf of the cell. Again at this time, the PEMFC gives the maxi-
um average current density. When the cell voltage is reaching

.5 V after time greater than 0.23 s, the oxygen concentration
s depleting in the second half of the cell (i.e., a mole fraction
etween 0.02 and 0.005) and this limits the current density in
hese locations. Therefore, the current density becomes decreas-
ng thus indicating overshoot behavior. When cell voltage of
.5 V reaches steady state performance, the slope of oxygen
ole fraction profile becomes negatively steeper in the first half

f the cell and remains minimal value in the second half of the

ell. In summary, when the cell voltage is decreasing, the rate
f gas consumption is increasing and the oxygen concentration
ecreases.

ig. 7. Variation of cathode over potential (V) along channel width at different
imes and cell voltages.

b
i
t
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F
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0.19 0.20 0.21 0.23 0.24 0.26 0.28 0.30
0.63 0.60 0.57 0.52 0.51 0.505 0.5025 0.50
0.85 0.98 1.11 1.23 1.22 1.21 1.18 1.15

Fig. 7 presents transient response of cathode over potential
r cathode polarization that is a function of partial pressure of
xygen. As already indicated in Fig. 6 as oxygen mole fraction
esponse with time and cell voltage change, those profiles affect
athode kinetic significantly. At time = 0.1 s and cell voltage is
.7 V, there is not significant polarization at cathode surface
ecause there is plenty of oxygen available in the PEMFC as
hown in Fig. 6. When current is increasing and reaches the
eak overshoot (cell voltage = 0.52 V and time is 0.23 s), cath-
de over potential or polarization increases with about the same
lope or rate along electrode width (Y-axis) as the initial point of
.7 V. This is because the consumption of oxygen is increasing
ut its concentration has not depleted. After t = 0.23 s and the cell
oltage is remaining constant at 0.5 V with constant flow rate of
eactants, the cathode polarization is increasing especially at Y-
xis is greater than 2.5 cm (second half of MEA surface), which
s consistent with the depletion of oxygen concentration as dis-
usses in Fig. 6. This profile reaches steady state of Vcell = 0.5 V
t t = 0.35 s. This will drop performance or current density thus
ndicating overshoot phenomenon.

Fig. 8 shows transient response of liquid water film thick-
ess profiles along the MEA width at the cathode side. This
gure shows that the liquid water film is increasing from

nlet toward outlet due to the production of water vapor by
lectrochemical reaction and then water vapor can be con-
ensed to liquid water if water activity is greater than 1.0.
his figure also shows the accumulation of liquid water from

ime = 0.10 s at 0.7 V to time = 0.35 at 0.5 V. This accumula-
ion of liquid water could decrease the PEMFC performance

y creating the high gases resistance known as water flood-
ng. However in this condition, the liquid water presented in
his system seems to be insignificantly to decrease the PEMFC
erformance.

ig. 8. Variation of liquid water film thickness (micron) along the centerline on
athode electrode at different times and cell voltages.
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ig. 9. Average cell current, cathode over potential, ohmic loss, and temperature
esponse during a transient load change.

Fig. 9 presents the transient average temperature on the anode
EA surface, cathode over potential, and ohmic loss correspond

o particular average current density and the cell voltage at each
ime step. This results shows that temperature increases when
he cell voltage is decreased. This is because the reduction of cell
oltage escalates the reaction rate thus increasing heat genera-
ion caused by electrochemical reaction. Note that the increase in
emperature results in lower membrane water content, thus drop-
ing in ionic conductivity. Further, the rate of temperature rise
s much slower than the rate of current density change. There-
ore, the overshoot in temperature is not as significant as the
urrent density overshoot in this study. For the cathode over
otential profile, it increases when the current density is increas-
ng, which is similar to the ohmic potential profile. However,
fter the current density reaches the peak of overshoot, cathode
ver potential continues increasing due to the loss of oxygen
oncentration near the exit region as explained earlier. Conse-
uently, current density starts to decrease, thus causing the lower
emperature. Meanwhile, the ohmic loss is slightly decreasing
ue to the increasing in membrane water content because of the
ower temperature. Therefore, the contribution of ohmic loss or

embrane conductivity and temperature in this particular oper-
ting condition could be the controlling factor in the peak and
agnitude of overshoot.
Fig. 10 presents the comparison of transient behavior between

he transient current results of single phase isothermal model
27] on 10-cm2 active area and phase change model on 25-cm2

ctive area. For better comparison, the current densities shown in
his figure need to be dimensionless with average current density
f each time step (I(t)) is divided by average steady state current
ensity at cell voltage of 0.5 V (Isteady state at 0.5 V) as equation
resented below.

(t) = I(t)

Isteady state at 0.5 V
(1)

he result reveals that the current density of single phase, isother-

al model has much higher overshoot than the result of water

hase change, non-isothermal model. Moreover the rate of cur-
ent density reduction after overshoot point of single phase,
sothermal model is faster than phase change model. This could

T
E
9
l

ig. 10. Comparison of transient behaviors between single phase, isothermal
odel and water phase change, non-isothermal model.

e the effect of temperature and water phase change that included
nto this recent model.

. Conclusions

A three-dimensional including water phase change and
nergy balance with transient simulation of PEM fuel cell was
tudied at fixed flow rates of feed gases. The flow rates cor-
espond to normal fuel and oxygen utilization (1.2/2.0 stoich)
t the high cell voltage and a minimal operating condition at
he low cell voltage. The cell voltage was changed from 0.7 V
o 0.5 V at a somewhat rapid rate of 1.0 V s−1 and overshoot
ehavior in the current was observed and explained in terms of
he distributions of current density, oxygen concentration, liquid
ater, and temperature.
When the cell voltage is decreased, the current density

ncreases and reaches the peak of overshoot while the capacity of
he reactants in the flow channels is used. This steady state values
orrespond to a highly non-uniform local current density distri-
ution, dependent on local concentrations of the reacting gases.
or this condition, oxygen appears to control the distribution.
ingle phase and isothermal model shows higher overshoot than
ater phase change and non-isothermal model because temper-

ture rise affects the peak of overshoot. Therefore, water phase
hange and non-isothermal effects are important in a transient
EMFC model. Moreover, the controlling mechanism of over-
hoot is dependent on the gases utilizations and the rate of load
hange. These results may help effort in the design of the flow-
eld and manifold configuration. These design changes may

mprove stack performance.
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